INTRODUCTION
Up to approximately 50 years ago, seismic refraction methods were often employed in areas of poor reflection data quality as a viable alternative for petroleum exploration. However, there has been an ongoing spectacular evolution of exploration reflection seismology, with for example, common midpoint (CMP) stacking, digital processing and full waveform inversion. As a result, there are very few areas where current seismic reflection technology fails to generate useful results.
By contrast, refraction seismology has yet to undertake a comparable modernization. The vast majority of seismic refraction methods, whether they be for statics corrections, geotechnical or crustal investigations, still only employ scalar traveltimes. There are no widely accepted methods for presenting seismic refraction data which are comparable to the full waveform methods routinely employed with seismic reflection data.
Accordingly, most implementations of refraction seismology can be viewed as representative of a 50 year old technology, refraction tomography notwithstanding (Palmer, 2008 (Palmer, , 2010a .
Currently, by far the greatest application of the refraction method, on a line-kilometre basis, is statics corrections for the near-surface weathered layer for seismic reflection data processing. Scalar traveltime methods are usually considered to be quite adequate for these applications.
Nevertheless, it might be timely to re-examine the application of full waveform refraction methods in the near surface. Although full waveform inversion (FWI) is seeing increasing application to marine seismic reflection data, its application to land seismic reflection data is much more challenging, no doubt because of the complexity of the weathered layer (Palmer, 2009 ). Furthermore, amplitude-based refraction attributes (Palmer, 2010a (Palmer, , 2010b , can constitute additional useful measures of various rock properties for many geotechnical and groundwater investigations.
This study describes two approaches to full waveform refraction seismology, using common offset gathers (COG) (Palmer, 2010c (Palmer, , 2013 and the refraction convolution section (RCS) (Palmer, 2001a) . These methods are applied to the first break refraction data which were acquired as part of regional seismic reflection investigations, over part of the Palaeozoic Lachlan Fold Belt in south-eastern Australia (Barton and Jones, 2003) . The data are taken from traverse 99AGS-L1, which is ~47 km in length. The analysis focuses on a 12 km section between stations 1750 and 2050. This section crosses the flood plain of the Lachlan River, for which the weathered layer consists of up to 150 m of unconsolidated Tertiary alluvium.
In a previous study (Palmer, 2013) , the scalar traveltime data were inverted with wavepath eikonal traveltime (WET)
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Key words: near-surface refraction seismology, full waveform methods, common offset gathers, refraction convolution stacks. tomography using 1D low resolution smooth vertical velocity gradient, 1.5D medium resolution COG generalized reciprocal method (GRM) (Palmer, 2012) and 2D detailed GRM (Palmer, 2010d) starting models. That study demonstrates that if a low resolution starting model is used, then the final result will usually be a low resolution tomogram. This study continues the task of developing detailed starting models, in this case, for full waveform inversion at a future date. In particular, this study demonstrates the importance of the head coefficient, and in turn, the density model, in determining head wave amplitudes.
COMMON OFFSET GATHERS
This study employs COG sections in which the first breaks have been adjusted to correspond with the one-way time model of the weathered layer. The time model has been obtained with a multi-fold GRM-based inversion of the traveltime data. This is a somewhat expedient approach because it does not fully accommodate the unusual refraction arrivals recognized in a previous study (Palmer, 2013, Figures 3 & 4) . Nevertheless, it illustrates the variety of refracting interfaces, as well as the importance of the head coefficient in generating refraction arrivals. shows that there are a number of dipping events which originate at the base of the weathered layer at approximately 0.1 s. Rather surprisingly however, the dipping events, which are detected in the forward direction of recording, need not necessarily correspond with those detected in the reverse direction. In particular, the dipping events which originate at stations 1890, 1945 and 2005 in the forward direction do not correlate with any similar events in the reverse direction, such as those which originate at stations 1860, 1920 and 1960. Although initially this might appear to be somewhat surprising, it is consistent with the need for an increase in seismic velocities for the generation of refracted arrivals. Furthermore, some of the dipping events appear to include events which dip in the opposite direction, that is, they appear to be diffraction hyperbolae.
The amplitudes of the antiform feature at station 1830 are significantly lower in the reverse direction when compared with the forward direction. Paradoxically however, this event extends further into the sub-weathered layer from station 1860 in the reverse direction of recording.
Stacking of the forward and reverse COG generates more consistent amplitudes for the first breaks, that is, for the base of the weathered layer.
REFRACTION CONVOLUTION SECTION
The essential process for the generation of the time model with the GRM is the addition of the forward and reverse scalar traveltimes. The refraction convolution section (RCS) achieves the equivalent process through the convolution of the corresponding seismic traces, since convolution adds phase, that is, traveltimes, and multiplies amplitudes. Stacking with the RCS enhances any genuine events including later arrivals, it attenuates any "cross-convolution" artefacts, and it improves signal-to-noise ratios. The general features in the RCS in Figure 2 are similar to those in the COG sections in Figure 1 . As might be anticipated, the higher fold has resulted in better signal-to-noise ratios. Also, the dipping events in the sub-weathered layer are restricted to those which can be recognized on both forward and reverse traces.
A major advantage of the RCS is that it preserves the relative structure between adjacent traces, because it subtracts a single value, namely the reciprocal time, from all traces for a given pair of forward and reverse shot records. The precision of each of the ~300 reciprocal times is generally ± 2 ms. By contrast, the correction for the COG employs a different value for each trace and each shot record. Often structural detail can be lost with the COG sections, although the general structure of the base of the weathering of the stacked COG is usually comparable to that achieved with the RCS.
For example, all RCS in Figure 2 show a small offset at station ~1815. This feature can be recognized in the reverse COG in Figure 1 , but not in the forward COG. An even more striking example is the extraction of the combination of near and far traces in the lowermost image in Figure 2 . This image shows an abrupt change in depth to the base of the weathering at station 1890, which is consistent with the COG GRM traveltime methods (Palmer, 2013, Figures 3 & 4) .
RCS SOURCE SEPARATION
The sum of the offsets of each forward and reverse trace which contribute to each convolved trace in the RCS is equal to the source separation. Each stacked trace in the uppermost image in Figure 2 employs the 80 traces obtained by convolving a 20 station offset forward trace with a 100 station offset reverse trace, through to a 100 station offset forward trace with a 20 station offset reverse trace.
Figure 3 presents three RCS for three source separations in which the receiver separations have been selected so that each stacked trace has been derived with a limited range of offsets, namely up to 40 stations. Each image in Figure 3 employs a range of receiver offsets which are effectively "focused" on an offset equal to half the source separation, that is, 60, 80 and 100 stations. The 40 station range is a compromise between maximizing signal-to-noise ratios through increasing fold, and maximizing "focus" through reducing the mismatch in the offset distances. 
FLATTENING TO THE BASE OF WEATHERING
The very variable weathered layer can distort events in the RCS in much the same way as commonly occurs with seismic reflection data. A convenient approach to applying statics to the RCS is simply to flatten the events representative of the base of the weathering, as shown in Figure 4 . The centre image in Figure 4 highlights the dipping events in the sub-weathered layer, and facilitates their correlation with comparable events in the stacked CMP reflection section.
The flattened section also highlights some of the lower amplitude events. It is tempting to speculate that the quasi horizontal event at approximately 0.07 s between stations 1900 and 2050 in the flattened RCS may represent a lithological boundary within the unconsolidated Tertiary sediments. Alternately, it may be source generated.
HEAD WAVE AMPLITUDES
Any study of full waveform refraction seismology should also include some quantitative analysis of the head wave amplitudes, such as the geometric spreading and the head coefficient (Palmer, 2001b) , which is the refraction analogue of the reflection coefficient. In view of the longstanding focus on traveltime inversion since the introduction of exploration refraction seismology approximately a century ago, it is not surprising that the study of head wave amplitudes offers considerable scope for advancement. Figure 5 is a comprehensive summary of the head coefficient and the various refraction attributes derived from the first arrival head wave amplitude and traveltime data. In general, there is a reasonable correlation between the occurrences of the dipping events in the RCS in Figure 2 with changes, which are usually increases, in the head coefficient in Figure 5 . For example, the dipping event which originates at approximately station 1860 corresponds with the maximum head coefficient. Also, the dipping event at station 1925 corresponds with a large change in the head coefficient. There is also a reasonable correlation with the P-wave modulus. 
SPECTRAL ANALYSES
The RCS provides a convenient domain in which to implement simple spectral analysis. The use of a constant separation between the forward and reverse source points largely reduces the inelastic attenuation in the sub-weathered region to a constant amount. This component is usually much smaller than the inelastic attenuation in the weathered zone, because the rocks are more competent. Therefore, spectral analysis of the RCS should largely reflect changes in the weathered and subweathered layers in the vicinity of each station. The spectra shown in Figure 6 have been computed from the 100 ms interval starting from the first breaks. Figure 2 which use a 120 station separation between the source points. The variations in roll-off in the low frequency end of the spectra in the middle image correspond with the gross geological changes shown in Figure 5 .
Furthermore, the loss in the high frequency components at stations 1825, 1875, 1925 and 1975 correspond with either faulting or dipping events. The approximate wavelength of these features is comparable to the wavelength of the seismic velocities in the sub-weathered region in the 2D GRM tomogram (Palmer, 2013) . Other comparisons of the spectra of the Lachlan data, which were recorded with 40 m receiver groups, with the coincident Wirrinya data, which were recorded one week later with 10 m bunched receivers, shows coincident regions with remarkably similar reduced high frequency responses. It is anticipated that the detection of regions of fractured rock within the sub-weathered layer with the spectral analysis of the RCS will eventually prove to be more reliable than the recognition of relatively subtle variations in seismic velocities with traveltime methods.
CONCLUSIONS
Seismic refraction methods are commonly perceived to be a low resolution technology which at best, usually maps only a few interfaces across which there are significant increases in the seismic velocities. Frequently, unfavourable comparisons are made with the resolution routinely achieved with seismic reflection methods.
Although there has been in an apparent improvement in vertical resolution through the assumption of smooth vertical velocity gradients with the use of diving wave refraction tomography, the geological validity of the unusually large gradients produced in most near surface investigations is questionable (Palmer, 2001c) , especially with groundwater investigations. Of all the methods that can be employed to characterise the near surface, the WET tomogram generated with a 1D starting model consisting of smooth vertical velocity gradients produces the lowest resolution model. An important conclusion of this study is that refraction events can be anticipated wherever reflection events are recorded within the refraction Fresnel zone. Palmer (2013) shows this zone to be 0.1 s or ~500 m with the data used in this study. This is supported with Figures 1 to 4 , as well as other studies. The routine inspection with full waveform COG methods provides a simple approach to determining whether further detailed full waveform processing might be useful for highlighting any later events.
Furthermore, refraction arrivals only occur where there is an increase in the seismic velocities. Whereas the dipping reflection events in the lowermost stacked CMP image in Figure 4 can be generated with either increases or decreases in the specific acoustic impedance, Figure 1 is able to confirm whether those events can be attributed to increases or decreases through the use of forward and reverse COG presentations.
The RCS constitutes an extremely convenient approach to routine full waveform refraction methods. It is efficacious with moderate CMP fold, it preserves detailed structure, and it is amenable to further processing, such as flattening and spectral analysis. It is anticipated that narrow zones of pronounced attenuation of the higher frequency components may be a more reliable indicator of fractured rock for which there may be only relatively subtle variations in seismic velocities.
The routine analysis of head wave amplitudes is another major benefit of full waveform methods. The computation of the specific acoustic impedance, the P-wave modulus and density contrasts can facilitate the generation of more detailed starting models for full waveform inversion.
Furthermore, the computation of refraction attributes, such as the P-wave modulus, can provide additional useful measures of rock properties for geotechnical investigations.
It is recognized that full waveform refraction methods are unlikely to supersede standard reflection methods in the foreseeable future. Nevertheless, there can be significant operational advantages with full waveform refraction methods. In the near surface environment, the relatively large source-toreceiver offsets of refraction acquisition, when compared with the equivalent for reflection acquisition, can result in more efficient coverage of large areas.
The computation of more detailed models of the regolith with innovative approaches to processing refraction data with full waveform methods can provide an exciting new strategy for a long-overdue modernization of near surface refraction seismology.
For many geotechnical organisations, full waveform methods can facilitate a transition, from traditional in-house refraction acquisition and processing operations, to a focus on more detailed characterisation of the near surface. Furthermore, full waveform refraction methods will be an essential prerequisite for advanced processing of land seismic reflection data, such as pre-stack time and/or depth migration from the surface, and full waveform inversion.
